The transport of vorticity and enstrophy in the near-wall region for head-on quenching of turbulent combustion by an isothermal inert wall has been analysed using three-dimensional Direct Numerical Simulation (DNS) data of statistically planar turbulent premixed flames characterized by various global Lewis numbers (ranging from 0.8 to 1.2) and turbulence intensities. In all cases the vorticity magnitude shows its maximum value at the wall and the vorticity magnitude drops significantly from the unburned to the burned gas side of the flamebrush. Moreover, the vorticity magnitude shows an increasing trend with decreasing , and increasing turbulence intensity. A significant amount of anisotropy has been observed between the vorticity components within the flame-brush and this anisotropy increases as the wall is approached. The baroclinic torque term has been found to be principally responsible for this anisotropic behaviour. The vortex-stretching and viscous dissipation terms remain the leading order contributors to the vorticity and enstrophy transport for all cases when the flame is away from the wall, but as flame approach the wall, the baroclinic torque begins to play an increasingly important role. The combined molecular diffusion and dissipation contribution to the enstrophy transport remains negative away from the wall but it changes its sign near the wall due to the torque arising from dilatation rate gradient. Detailed physical explanations have been provided for the observed influences of flame and wall on the statistical behaviours of vorticity and enstrophy and the various terms of their transport equations.
INTRODUCTION
Flame-wall interaction plays a pivotal role in determining the overall energy-efficiency, pollutant formation, as well as the durability and lifespan of combustors in industrial applications. Wall-bounded non-reacting flows have extensively been analysed using Direct Numerical Simulations (DNS) [1, 2] , but the analysis of flame-wall interaction [3] [4] [5] [6] [7] [8] [9] [10] [11] received relatively limited attention. The statistical behaviour of vorticity ⃗ ⃗ and enstrophy Ω = ⃗ ⃗ • ⃗ ⃗ /2 plays an important role in the analysis of turbulent fluid motion [1, 2] , and these statistics are significantly affected by heat release, density variation and flame normal acceleration in turbulent premixed flames [12] . Several previous analyses focussed on the alignment of ⃗ ⃗ with local principal strain rates in non-premixed [13] [14] [15] and premixed flames [16, 17] . These analyses have demonstrated that ⃗ ⃗ aligns predominantly with the intermediate principal strain rate similar to the non-reacting turbulent flows [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , but ⃗ ⃗ also shows considerable alignment with the most extensive and compressive principal strain rates depending on the relative magnitudes of chemical and turbulent time scales. Chakraborty [17] has revealed that the global Lewis number (i.e. the ratio between thermal diffusivity and mass diffusivity ) has significant influence on the alignment of ⃗ ⃗ with local principal strain rates. The analysis by Chakraborty [17] revealed that ⃗ ⃗ predominantly aligns with the intermediate and the most compressive principal strain rates for low Lewis number flames (e.g. = 0.34) where the dilatation rate remains almost equal to the most extensive principal strain rate.
The analysis by Hamlington et al. [16] has indicated that enstrophy Ω = ⃗ ⃗ • ⃗ ⃗ /2 drops from the unburned to burned gas side of flame-brush. On the contrary, Treurniet et al. [27] reported a localised increase of Ω within the flame-brush [29] for flames with high values of heat release parameter τ = ( − 0 )/ 0 , where 0 and are the unburned gas and the adiabatic flame temperatures respectively. Lipatnikov et al. [30] reported both generation and decay of enstrophy across the flame brush in the cases of high (e.g. = 6.53) and low (e.g. = 1.5)
values of heat release parameter, respectively. They also analysed the terms of the enstrophy and vorticity transport equation for weakly turbulent premixed flames in the corrugated transport flamelets regime. Recently, Chakraborty et al. [31] have demonstrated that significantly affects the baroclinic torque contribution to the enstrophy transport and this may lead to an augmentation of Ω within a flame for small values of under a turbulent flow condition in the unburned gas, contrary to a decay of Ω across the flame with = 1.0.
All the aforementioned analyses were conducted in configurations in the absence of walls.
However, two-dimensional simulations by Poinsot et al. [3] of head-on quenching (HOQ) and three-dimensional incompressible channel flow DNS of side-wall quenching (SWQ) [4] [5] [6] [7] 9, 10] of turbulent premixed flames revealed that the presence of wall significantly affects vorticity distribution near the wall. However, the statistical behaviours of vorticity ⃗ ⃗ and enstrophy Ω transport in the presence of wall are yet to be analysed in detail. This paper addresses the The rest of the paper will be organised as follows. The mathematical background and numerical implementation pertaining to this analysis are presented next. This will be followed by the presentation of the results and their subsequent discussion. The main findings will be summarised and conclusions will be drawn in the final section of this paper.
MATHEMATICAL BACKGROUND & NUMERICAL IMPLEMENTATION
The transport equation of the ℎ component of vorticity = ( ⁄ ) is given by [29] [30] [31] :
where ⃗ , , and 
The Reynolds-averaged enstrophy (i.e. Ω ̅ = ̅̅̅̅̅̅/2) transport equation can be obtained using Eq. 2i as [30, 31] :
where ̅ , ̃= / and ′′ = −̃ are the Reynolds-averaged, Favre-averaged and Favre fluctuation of a general quantity respectively. The term indicates the vortex-stretching contribution, whereas arises due to misalignment between gradients of density and viscous stresses. The term is responsible for molecular diffusion and dissipation of Ω, whereas and represent the dilatation and baroclinic torque contributions respectively.
Under the assumption of constant dynamic viscosity, the dissipation rate ̃ of turbulent kinetic energy ̃= ′′ ′′ /2 is closely related to enstrophy as: ̃≈ 2 Ω in the isotropic Kolmogorov turbulence [32] . It has been demonstrated earlier [29, 33, 34] that the influences of a flame on the major statistical characteristics of a turbulent flow (such as ̃, ̃ and Ω ) remain qualitatively similar in the cases of temperature-dependent and constant dynamic viscosity.
This similarity stems from the fact that, due to a decrease in the density with increasing temperature, the kinematic viscosity = / increases in flames under both conditions. Here the constant viscosity assumption is adopted for the purpose of simplicity. Under such conditions, the mean dissipation rate ̃ is directly proportional to the mean enstrophy Ω.
Therefore, the understanding of Ω transport is crucial for addressing the modelling of the dissipation rate of turbulent kinetic energy.
The chemical mechanism is simplified here by a single-step Arrhenius-type mechanism in order to analyse the effects of global Lewis number in isolation, following several previous analyses [17, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] . A single-step Arrhenius-type irreversible chemical reaction is chosen for the current analysis, because three-dimensional DNS simulations with detailed chemistry are extremely expensive for a detailed parametric analysis as carried out in this paper [53] . It is worth indicating that the head-on quenching of premixed flames by isothermal wall is principally driven by heat transfer and not by chemical mechanism [3] [4] [5] [6] [7] . Several previous DNS analyses on flame-wall interaction used a single step simplified chemical mechanism [3] [4] [5] [6] [7] , and the same approach has been adopted here. Moreover, the statistical behaviours of vorticity and enstrophy transport in premixed turbulent flames are principally driven by fluid-dynamics, and the pressure and density gradients induced by thermal field. These aspects are dependent on global dependences of chemical reaction rate on reaction progress variable and temperature fields, which are satisfactorily captured by single step simple chemistry (e.g.
compare the reaction progress variable dependence of chemical reaction rate in Refs. [54] and [55] ). Furthermore, the normalised values of wall heat flux and quenching distance obtained from single-step chemistry calculations [3, 11] for head-on quenching of turbulent premixed flames based are found to be in good agreement with experimental findings [56] [57] [58] .Thus, it can be expected that the present findings will at least be qualitatively valid.
The species field is represented by a reaction progress variable , which is defined in terms of a suitable reactant mass fraction is taken to be the no-slip isothermal wall with temperature = 0 . The mass flux in the wallnormal direction is specified to be zero, and a partially non-reflecting boundary is considered for the face opposite to the wall. The boundary conditions are specified using the Navier Stokes Characteristic Boundary Condition (NSCBC) technique [59] . The transverse directions of the turbulent velocity fluctuations is generated using a pseudo-spectral method [60] following the Batchelor-Townsend Spectrum [61] but the velocity components 1, 2 and 3 are specified to be zero at the wall to ensure no-slip condition. The velocity field is allowed to evolve for an initial eddy turn-over time (i.e. = / ′) before it interacts with the flame. For each , the simulations were conducted for the turbulence parameters shown in 
RESULTS AND DISCUSSION

Flame turbulence interaction and vorticity distribution
The instantaneous distribution of √ × / in the central 1 − 2 plane for case E, along with contours ranging from 0.1 to 0.9 (bottom to top), are presented in Fig. 1 . As discussed in detail elsewhere [11, 17, 31, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] , the imbalance between conductive heat flux and mass diffusive flux leads to simultaneous occurrence of high temperature and reactant concentration in positively stretched regions for flames with < 1 due to strong (weak) focusing (defocusing) of species (heat). This leads to higher extents of flame wrinkling and burning rate for the flames with < 1 than the corresponding = 1.0 flames, when combustion takes place away from the wall. Just the opposite mechanism is responsible for smaller extent of wrinkling and burning rate for the > 1 flames than in the corresponding = 1.0 flame when the flame is away from the wall. Therefore the flame wrinkles reach close to the wall and eventually quench at an earlier time instant for smaller .
Furthermore, the extent of flame wrinkling increases with increasing turbulence intensity ′ / when the flame is away from the wall, and thus the flame wrinkles reach close to the wall and quench at an earlier time instant for higher ′ / (not shown here, but refer to Table 2 of Ref.
[11] for supporting evidence). Accordingly, smaller values of flame surface area and burning rate are obtained at an advanced stage of flame quenching for smaller (higher)
because quenching initiates at an earlier time for these flames (e.g. quenching starts at about ≈ 4. 5 / ( ≈ 1.7 / ) for case A (case E) for this configuration) [11] . This can be substantiated from the temporal evolutions of the flame surface area and volume-integrated chemical reaction rate presented in Table 2 in Ref. [11] . This can be supported by Fig. 2 where the variations of ( ) 1/2 ̅̅̅̅̅̅̅̅̅̅̅̅ and scaled-up mean rate of product creation ̅ with 1 / are shown for cases A, C and E. Cases B and D are qualitatively similar to cases A and E respectively and thus are not shown in Fig. 2 and subsequent figures. Figure 2 shows that ( ) 1/2 ̅̅̅̅̅̅̅̅̅̅̅̅ attains its highest value at the wall and gradually decays from unburned to burned gas side of the flame-brush, besides it is consistent with previous findings [29, 30] , which also reported a decrease in the magnitude of vorticity within flame brush. The physical explanation for the decay of vorticity magnitude across the flame brush will be discussed later in this paper by analysing the statistical behaviours of vorticity and enstrophy transport (see subsection 3.4). The background colour in Fig. 2-10 indicates the Favre-averaged value of ̃, which illustrates the flame position at the corresponding time instants. in agreement with previous computational [3] and experimental [56] [57] [58] findings. In the = 0.8 case, the mean reaction rate ̅ attains non-zero values for 1 ⁄ < ( ) because the minimum Peclet number for turbulent = 0.8 flames remains smaller than the laminar value [11] , whereas the minimum Peclet number for laminar and turbulent flames remain almost the same for = 1.0 and 1.2. Interrested readers are referred to Ref. [11] for further discussion on the minimum Peclet number and its Lewis number dependence. 
Statistical behaviour of the magnitude of vorticity components
Statistical behaviour of vorticity transport
It is necessary to analyse the statistical behaviour of the terms of Eq. 1 to explain the near-wall behaviour of ( ) 1 Table 2 of Lai and Chakraborty [11] and the associated discussion for further information on this aspect. exhibit significant magnitudes within the flame-brush but they become negligible on burned gas sides, because the density is almost constant during the quenching event (or exactly constant when the flame is far from the wall). However, the terms ( 3 3 ) 1/2 ̅̅̅̅̅̅̅̅̅̅̅̅̅̅ and ( 3 3 ) 1/2 ̅̅̅̅̅̅̅̅̅̅̅̅̅ are significant in the burned gas in the near-wall region even after the quenching is initiated.
There is a considerable amount of density variation in the near-wall region due to sharp change in temperature even after the flame is quenched, which gives rise to significant values of dilatation rate ∇ • ⃗ and the dilatation contributions ( 3 3 ) 1/2 ̅̅̅̅̅̅̅̅̅̅̅̅̅̅ and ( 3 3 ) 1/2 ̅̅̅̅̅̅̅̅̅̅̅̅̅ . However, The term remains negative away from the wall for all cases but it becomes positive for for all Lewis number cases considered here.
Statistical behaviour of the enstrophy transport
Equation 2 can be rewritten as [30, 31] : value of ̅ ̅ ⁄ for the major part of the flame-brush is consistent with the decay of ( ) 1/2 ̅̅̅̅̅̅̅̅̅̅̅̅ × ℎ / from unburned to burned gas side of the flame-brush (see Fig. 2 ). As the quenching progresses ̅ ̅ ⁄ shows more likelihood of exhibiting negative values close to the wall, which acts to reduce ( ) 1/2 ̅̅̅̅̅̅̅̅̅̅̅̅ in the near-wall region.
CONCLUSIONS
The statistical behaviour of vorticity and enstrophy transport in HOQ of statistically planar turbulent premixed flames by an isothermal inert wall has been analysed using DNS data for different values of , and . In all cases the vorticity magnitude √ drops from the unburned side (which is in contact with the wall) to the burned gas side of the flame-brush and the highest magnitude of √ is obtained at the wall. Furthermore, both √ and the magnitudes of the terms of the vorticity transport equation increase with decreasing (increasing) ( ′ / ). The presence of the flame and wall induce significant amount of anisotropy between vorticity components, and the baroclinic torque has been shown to be principally responsible for this anisotropic behaviour. The vortex-stretching and viscous dissipation terms have been found to be the significant contributors to the enstrophy transport for all cases when the flame is away from the wall. As the flame approaches the wall, the baroclinic torque begins to play increasingly important roles in the enstrophy transport. Furthermore, combined molecular diffusion and dissipation contribution remains negative away from the wall but becomes positive near the wall due to the torque arising from dilatation rate gradient, caused by the local temperature and density variations. Further analysis using experimental and detailed chemistry DNS data at high values of turbulent Reynolds number will be necessary for more comprehensive understanding. 
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